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FOREWORD

This final report is based upon research carried out during the past
yvear under NASA contract NASw-1227, Planetary Meteorology. It contains
complete discussions of two aspects of our research: 1) Seasonal and
Latitudinal Variations of the Average Surface Temperature and Vertical
Temperature Profile on Mars, and 2) The General Circulation of the
Martian Atmosphere. A third task in our research, a review of available
information on the meteorology of Mars and Venus, is discussed in a pre-
viously published technical report entitled Comprehensive Summary of
Available Knowledge of the Meteorology of Mars and Venus by Edward M.
Brooks (GCA Technical Report No. 66-21-N).

Abstracts for the two papers presented in this report may be found
on the following pages; all references are listed together, starting
on p. 61.



SEASONAL AND LATITUDINAL VARIATIONS OF THE AVERAGE SURFACE
TEMPERATURE AND VERTICAL TEMPERATURE PROFILE ON MARS

George Ohring and Joseph Mariano

ABSTRACT

The seasonal and latitudinal variations of the average surface
temperature and vertical profile of atmospheric temperature on Mars are
computed using a thermal equilibrium model. In thermal equilibrium,
the computed temperature profiles satisfy the following equilibrium con-
ditions: 1) a balance at the top of the atmosphere between net incoming
solar radiation and outgoing infrared radiation; 2) a balance at the
surface between the net gain of heat by radiation and the loss of heat
by convective transport into the atmosphere, the amount of convective
loss being determined from the net integrated radiative cooling of the
convective layer — the troposphere; and 3) the stratosphere is in
radiative equilibrium. It is assumed that carbon dioxide is the sole
radiating gas in a model atmosphere that is composed of 60 percent
carbon dioxide and has a surface pressure of 10 mb. The results are
presented in the form of pole-to-pole temperature cross-sections from
the surface to about 40 km for each Martian season. Because the model
does not allow for latitudinal transport of heat energy by the atmos-
pheric circulation, the computed temperatures are too low at polar
latitudes during the winter half of the year and probably too high at
equatorial latitudes during the solstices and at polar latitudes during
summer; they should be most representative of actual conditions at mid-
dle latitudes during the equinoxes and at low latitudes during the
solstices. The computed temperature cross-sections indicate: 1) ex-
tremely small latitudinal temperature gradients in the summer hemisphere,
with the maximum temperature occurring at the pole; 2) a decrease of
tropopause altitude with latitude from a maximum at the equator during
the equinoctial seasons and at the summer pole during the solstices;
and 3) relatively isothermal vertical structure at high latitudes during
the equinoxes and winter. Comparisons, where possible, of the present
results with other theoretical studies and with the microwave and
Mariner IV observational indications of Martian temperatures yield
generally good agreement.
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THE GENERAL CIRCULATION OF THE MARTIAN ATMOSPHERE
Wen Tang

ABSTRACT

Dynamic models simulating the Martian atmospheric circulation are
constructed. Model I, based on a terrestrial atmospheric circulation
model due to Adem (1962), is a vertically integrated model and is used
to compute meridional profiles of mean mid-atmospheric zonal wind and
temperature for both northern and southern hemispheres of Mars during the
two equinoxes and the two solstices. In these exgeriments, the value of
the eddy exchange coefficient is assumed to be 10 0 cm2 sec'l, similar
to that in the Earth's atmosphere. The numerical results indicate that
the maximum mid-atmospheric wind is about 45 m sec™l and occurs at about
40° latitude in the winter hemisphere. The direction of the mean zonal
wind for all seasons except summer is generally from the west. The mean
mid-atmospheric temperatures during the solstices range from a maximum
of 200°K at the summer pole to 110°K at the winter pole. During the
equinoxes, the mean mid-atmospheric temperatures range from 175°K to
195°K at the equator to 140°K to 142°K at the poles.

Model II is a more sophisticated two-level, quasi-geostrophic
numerical model. This model can be used to compute the latitudinal
variation of surface temperature, zonal and meridional winds, and mid-
atmospheric vertical velocities as a function of time during the course
of a Martian year. The model is described in the text; application to
Mars is planned during the coming year.
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1. SEASONAL AND LATITUDINAL VARIATIONS OF THE AVERAGE SURFACE
TEMPERATURE AND VERTICAL TEMPERATURE PROFILE ON MARS

George Ohring and Joseph Mariano

1.1 Introduction

Previous theoretical estimates of the average vertical temperature
profile in the lower Martian atmosphere have been based upon convective-
radiative equilibrium models (see, for example, Goody, 1957; Prabhakara
and Hogan, 1965; and Ohring and Mariano, 1966). In such models, a
surface temperature is assumed and the vertical temperature profile is
computed on the basis of a convective troposphere and radiative equili-
brium stratosphere. In the present study, we actually compute the
average surface temperature as well as the average vertical temperature
profile as a function of latitude and season. The computations are
based upon the thermal equilibrium concept of Manabe and Strickler (1964),
which is a slight modification of the convective-radiative equilibrium
model. Although the effect on Martian temperatures of latitudinal trans-
port of heat by the atmospheric circulation is not included in the model,
the computed temperatures should be useful for many purposes. Where
possible, we compare the computed temperatures with observational and
previous theoretical indications of Martian temperatures.

1.2 Basic Model

Under the concept of thermal equilibrium, the computed temperature
profile must satisfy the following equilibrium conditions: 1) a balance
at the top of the atmosphere between net incoming solar radiation and
net outgoing infrared radiation; 2) a balance at the surface between
the net gain of heat by radiation and the loss of heat by convective
transport into the atmosphere; the loss of heat by convective transfer
into the atmosphere is determined from the net integrated radiative
cooling of the convective layer — the troposphere; and 3) the strato-
sphere is in radiative equilibrium.

The thermal equilibrium temperature profile is computed with the use
of an iterative procedure based upon the initial value method of computing
radiative equilibrium temperatures. Starting with an initial temperature
profile, one computes the vertical distribution of the rate of radia-
tional temperature change. These rates are applied to the initial pro-
file for a unit time step to obtain a new temperature profile. This
process is continued until the three equilibrium conditions are satisfied.
At each stage of the calculations any layers with lapse rates greater
than a specified convective lapse rate are corrected to the convective
lapse rate. Numerically, this is accomplished as follows.




(1) 1In a non-convective layer, the net rate of temperature change
at time step T is equal to the computed rate of radiational temperature

() - (2]

(2) In a convective layer (that is, a layer that would have a
super-convective lapse rate if no correction were made) that does not
extend to the surface, the net rate of temperature change must satisfy
the following requirements:

RO REINCHN
net b ot rad
t

where pg and py, are the pressures at the top and base of the layer,
respectively, and

g% > = convective lapse rate 3)
where
T
o™ o o7 4 <§§> At (4)
net

(3) 1In a convective layer that extends to the surface, the net
rate of temperature change must satisfy (3) and (4) and

Po T c Po T
IR INC)
dp = dp + 8
<.§E net & b SE rad g
t
1
+ @ - <cre “>T+ (5)

g g

where c, is the specific heat of the atmosphere at constant pressure,

g is the gravitational acceleration, po is the surface pressure, S, is
the net downward flux of solar radiation at the surface, (Fl )T is the
downward flux of infrared radiation at the surface at time step T, and
(GQ )T +1 is the upward flux of radiation at the surface at time step
T+l. This equation is a result of the second equilibrium condition; it
enables us to compute the surface temperature at each succeeding time
step. At each time step, Equations (1) through (5) must be satisfied
before computations for the next time step begin.



1.3 1Infrared Cooling

The radiative rates of temperature change depend upon two factors —
infrared cooling and solar heating. Thus,

B @@,
(at ad 3t . dt IR

In this section, we discuss the model used to compute infrared fluxes and
cooling rates (06/0t)yg in the Martian atmosphere. In the next section,
we discuss the model to compute the solar heating rates, (06/dt),.

We shall make use of the computational model discussed by Rodgers
and Walshaw (1966). They take as vertical coordinate the unit z, where

z=~4n ¢ 7)

and ¢ = p/p , where p, is the surface pressure. Then (Se/at)IR can be
written as

30 > g C
= - = (8)
Jt R c, P

where g is the gravitational acceleration, c_ is specific heat at con-
stant pressure, and C is the derivative with respect to z of the net
flux of infrared radiation. At any level z, C for an absorption band
can be written as

Z

dT dT r, dB ' '
C(2) = B2) T (2,2) - f @ @) 2, @) (9
o

where B is the blackbody flux for the absorption band, Z is the highest
level considered, and T is the transmission function for the absorption
band. For the Martian atmosphere, we can assume that only the 154 €O,y
band contributes to the infrared cooling. Local thermodynamic equili-
brium is also assumed. Curtis and Goody (1956) have found this to be

a good assumption for the 15u ¢0, band in the Earth's atmosphere down
to pressures as low as 3.4x10"2 mb.

For a band transmission model we assume the Goody random model, for
which the transmission of Lorentz lines (the applicability of the Lorentz
line shape for the Martian atmosphere is discussed in the Appendix) along
a path at constant pressure can be written as

T = exp [_ 1.66 em <1 + 1:66 kn ] (10)




where k is the mean line intensity, & is the half-width of the absorption
lines, m is the amount of carbon dioxide in g cnrz, ® is the mean line
spacing, and the factor 1.66 is introduced as a multiple of m to approx-
imate flux transmission. For an atmosphere with constant mass mixing
ratio, w, of COy, m between any two levels z and z’ is given by

m ='YEQ Y "] 11
2 o(z) - p(z7)] . (11)

Equation (10) is for a homogeneous path, i.e., constant pressure
and temperature. In the actual atmosphere, both pressure and tempera-
ture vary along the path. Pressure affects the half-widths of the
absorption lines while temperature affects both their half-widths and
intensities. However, the effect of temperature is a second order ef-
fect compared to the effect of pressure and COy amount on the transmis-
sion. The Lorentz half-width of an absorption line at pressure p and
temperature 8 can be written as

6 \% PO /O N5
a=o <J1> <—S> = o —= <—~S> (12)
s\ P 8 s p 6
S S

where Qg is the half-width at standard pressure, pg, and standard temper-
ature, 8g. Since the temperature variation with altitude is much smaller
than the pressure variation, and since the temperature correction is pro-
portional to the square root of temperature, we may approximate the temp-
erature effect by assuming an appropriate isothermal atmosphere for Mars
with a temperature equal to 8. For an isothermal atmosphere, the Curtis-
Godson approximation for the mean half-width of an absorption line for

an atmospheric path with varying pressure yields

Jpa dm

oA = — (13)
Jf dm

or, upon substitution of (12),

6 \% /P
S o]
o oa(z) () o
a = . (14)
dm




After integration, (14) can be reduced to

1

a 8 \%5 /p r 2 r 2
=~ _ _S s _o @(z)” - 9(z)
i-2(7) <ps>t G 2

The effect of temperature on the line intensities can be incorpor-
ated following Rodgers and Walshaw (1966). The mean absorber amount
between any two levels is corrected by the formula

m = f 0(6) dm (16)
where
Zki(e)
o(B) =
k, (8,)

in which k is the line intensity and the summation is over all lines
contributing to the absorption interval. Rodgers and Walshaw present
the following empirical equation for 0(8).

a(6 - 260) + b(6 - 260)° (17)

loge o(6)

where a = 3.49 x 10-3 and b = -1.28 x 10_6 for the 15y CO, band. If we
again assume that we can use a constant temperature correction, &(8)
can come out of the integral and (16) becomes

_ ®(0)w p
m = ®(9)k/ﬂdm = —_—E—_—— [@(z) - @(z')] . (18)

@ and m can now be substituted into the expression for the trans-
mittance, Equation (10). For the CO, content and pressures prevailing

on Mars,
1.66 k m
bid

> 1

Qll=

and,hence, (10) can be written as

T = exp [_ (1.66 1(605 k m)%] , (19)




which, upon substitution for O and ;, becomes

T = ex '{ - [ 1.66 x & % <‘f§ >%'ng 2O ( (z) % (Z')%> ]%:}(20)
P L ) 6 P, 8 \? i

To compute the cooling rates, we require dT/dz.

1667tk06 P,
F=— S < > o Q)W, (21)

Letting

we obtain for the vertical derivative of the transmittance

z 1 s
- Srote) exp{- [F <cp<z>2 - cp(z'>2> :l} (22)
lo(2) 1%

- o(z")

For the 15u CO, band, centered at 667 cm™ 1 and extending over 170
cmrl, Rodgers and Walshaw (1966) obtained the parameters k, 5, and Qg
by fitting detailed quantum-mechanical calculations of line positions
and intensities to the random model for band transmission. We use their
values for the evaluation of transmission: Qg = 0.07 em-l; k/®d = 718.7
g‘l cm2; and 1@g/5 = 0.448. For the constant temperature correction,
we assume 6 = 200°K.

The downward flux of infrared radiation at the surface, F&
required for Equation (5), is given by
Z

Flg = - T(o0,Z) B(Z) + B(o) + f T(o,z") gg, (z") dz’. (23)

0

The blackbody flux B(@) is the integral of the Planck function at
temperature 6 over the spectral interval nj = 582 em 1 to ny = 752 cm- 1.
To a high approximation for this spectral region and Martian tempera-
tures it can be computed from

4 33 22 T
b cle c,n ¢, n ¢, n c,n
B(8) = ——— |exp | - + 3 + 6 +6 (24)
4 2 3 2 )

c e 6 =n

2
-5 -1 =1 -
where ¢, = 1.191 x 10 erg cm sec  steradian ~ and c, = 1.4389 cm deg



1.4 Solar Heating

For the solar heating, we shall assume that only the near infrared
bands of carbon dioxide contribute to heating. Although small amounts
of water vapor are present in the Martian atmosphere, the contribution
of this gas to the solar heating rate and to the final temperature dis-
tribution is negligible compared to carbon dioxide (see Ohring and
Mariano, 1966). We shall follow the method of Houghton (1963), which
is based upon the experimental absorption data of Howard, et al (1955),
Burch, et al (1960), and Seeley and Houghton (1961).

For a given time of year and latitude, the average amount of solar
energy absorbed from a pressure level p to the top of the atmosphere
during a Martian day can be written as

E=<Zlo£cosﬂr Az>r (25)
z

where Iyy is the intensity of solar radiation per wavenumber n at the
top of the atmosphere in the £-th absorption band, cos V is the average
cosine of the solar zenith angle for the day, A, is the integrated
absorption of the £-th band for the atmospheric column extending from
the top of the atmosphere to the pressure level p along a slant path
parallel to the solar beam, r is the fraction of the day that the sun

is shining, and the summation extends over the carbon dioxide absorption
bands. The heating rate at a pressure level p can be determined from

do g dAﬁ
<d—t> =2 cosxjf'ri Ioﬂgp_' (26)
s P 7

Houghton's (1963) expressions for the integrated absorption are:

Weak bands (pm < xz) A, az(ﬁm)% (27)

Strong bands (pm > xﬂ) A, =b, +c, loglo(pm) (28)

where p is in mb, m is in atmo-cm of COp, and ay, by, cy, and x, are the
empirically determined constants for the /-th band. For a path extending

from the top of an atmosphere with a constant mixing ratio, w, to a lével

whose pressure is P

p dm
Jrea o

PT T T (29)




and

m = » sec V¥ *° p, (30
g P Py )

where p. is the density of CO, at STP.

With these equations for mean pressure and path length, the inte-
grated absorption in cm™* down to the level p; is

3 % -
a <-l 10 w sec ) Py » pym < X,
N2 gp
c
A, (p )= (3D
< 1 10%w > -
bg+ 2c£(.435)£ne(pi) + cﬂ(.435)£ne 3 g0, sec VY pym > X,
Differentiating with respect to p, we have
R i
a<; 10%y Sec ¥ >2 -
A\ 2 gp pm £
c
dA
= 4 - (32)
Pi 2¢ ,(.435) i
O — pm > X,
Py

The empirical constants for the near-infrared absorption bands,
after Houghton (1963), are shown in Table 1 along with the values of I,
at Mars' mean distance from the sun.

For the solar radiation reaching the surface, Sg, we may write

Sg = (1 - A)(So r cos V - Eg) s (33)

where Sy is the intensity of solar radiation at Mars' distance from the
sun, A is the Martian planetary albedo, and E, is the amount of solar
energy absorbed in the atmosphere, which is given by

Eg:(ZIoﬂcosmlf Agﬂ>r s (34)

where Agz is determined from (31).




Table 1

Constants for the near-infrared C02 bands.

Band

I a b c X
© -1
() erg cm™ 2 sec'l(cmfl)
2.0 18.3 0.23
1.6 25.0 0.02 weak only
1.4 27.2 0.02
4.3 5.6 8.4 - 11 37 15.4
2.7 11.8 1.87 -136 65 910
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Figure 1. Schematic diagram of computational model at time step, 7.
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Step (1):

from
(a0 __ g %G5
\ dt / IR cp Py
g 1 T dT
g (s (2)
cp Py < n+l dz 1,04l
2

(%),
<3_T> [B(ep - B6;_y) }

1_

+

i+

where <-§§:> is given by
1,3

The infrared cooling rate is computed at each interface

T T
< >i,j+1J [B(ejﬂ) - B(ej)}

B(9, )B(e)]
+(8),,, et

H(8), 1 (2), ] bet ]}

¥ 2 . i<
P, y
( > 5 12]]% exp {- [F(lcpiz-cpjzl)} } o (41)
i -CPj i>j

where F is defined by (21).

Step (2):

from

(8- (2

Step (3):

computed at each interface from

T

36 AT
ot >irad B <Ft >.S

12

COs

The solar heating rate is computed at each interface

dA/z

EE; (42)

The rate of change of temperature due to radiation is

(43)



Step (4): The loss of energy by the Martian surface due to convec-
tion is computed as follows. The convective temperature profile, {G?},
with the surface temperature 8, = i° is computed for each successive
level in the atmosphere from the equation

*

6. pP. N

- < L >7 (L1=2, 3, ovy ) (44)
. Pi1

i-1

where ¥ = ¢ /cv, the ratio of the specific heat at constant pressure to
the specifig heat at constant volume, for the Martian atmosphere. The
first computed convective temperature, 65, is compared with the new
radiative temperature

T

1+1 K d0
(8.) =6, +{ 5 >

At | = A
Doy t (i = 2) (45)

.rad
1

where At is the increment of time for the 1-th cycle. If (62)yad is
superconvective, the net rate of change of temperature, (ae/at)net, is
computed from the equation, (for i = 2)

*_ T % U
ei B 6i +.< ot >inet At . (46)

The above procedure is continued until the level where the new radiative
temperature is not superconvective (say, i = t) is attained. This level
(i = t) defines the top of the convectixe layer that extends to the sur-
face. The new surface temperature, or s> is now computed from (5) where

g
g /3 \T t-1 5 \T
f(yﬁ) dp‘é'z §> 29 (47)
net P .net
Py i=2 i
P t-1
g T T
ORI IR
rad o ,rad
Py i=2 i
n
T _ 1 T T
(Fig) = }: 5 [B(ej) + B(ej+1) } (le - Tl,j+1) (49)
=1
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(obtained from an integration by parts of (23) ) and the solar radiation
reaching the surface, Sg, is computed from (33).1f the first new radiative
temperature (Qz)r:é is not superconvective, the model assumes that there
is no convective layer that reaches the surface and (5) reduces to

0 =5, + ()" - (o0, by Tl

g (50)

The new radiative temperatures (el)rjé for i > t are also compared
to their corresponding convective values, ei. If one or more tempera-
tures (say, from i=p to i= £+k) are super convective, the net rates of
change of temperature, (ae/at)znet (i= 4, £+1, ..., £+k) are computed
from (46). Also, in order to satisfy Equation (2), the new radiative
temperatures above the level, £+k, (say, from g+k+1 to £+k+m) are lowered

to their corresponding convective values, where®6/0t) jnet (1 = f+k+l to
f+k+m) is also computed from (46) and,

L+kim-1 . .
oL:] oLz _
}: L ot >inet i < ot >irad } fp= 0. D
i=4+1

For the remaining new radiative temperatures that are not superconvective,

98 08
< > net Jt >irad ? (52)

and thus Equation (1) is satisfied.

Step (5): The new temperature profile, {9T+1} is computed from
the equations

+1 ) .
o, =6, + £>net At (12>2,3, ..., n) (53)
: =
and
6I+1 _ 9;+1 (54)

and the 1-th interation cycle is completed. The iteration procedure is
continued until the net rates of change of temperature, (36/Jt) are
less than a prescribed convergence criterion, e.

net
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1.6 Atmospheric Composition, Surface Pressure
and Other Input Parameters

To perform the calculations with the thermal equilibrium model,
information is required on the atmospheric composition and surface pres-
sure on Mars. The results of recent spectroscopic observations (Spinrad
et al, 1966; Owen, 1966; and Belton and Hunten, 1966) and the Mariner IV
occultation experiment (Kliore et al, 1965) indicate that the surface
pressure is about 5 to 10 mb and the atmosphere is predominantly carbon
dioxide. For our computations, we assume an atmosphere composed of 60
- percent (by mass)COp with a surface pressure of 10 mb. The remainder
of the atmosphere is probably argon or nitrogemn — or a combination of
the two — both of which are inactive as absorbers of radiation. We
assume that the remaining gas is all nitrogen.

Trace amounts of water vapor — ~ 15y precipitable cm — have been
detected in the Martian atmosphere (Kaplan et al, 1964). However,
previous calculations (Ohring and Mariano, 1966) suggest that inclusion
of this gas in our model would not substantially change the results.
Therefore, it is not included in the computations.

Several other inmput constants are required in the computations.
The intensity of solar radiation at the top of the Martian atmosphere
is taken as

-2 . -1, .
where s.c. = 2 cal ecm © min is the solar constant for Earth and R is
vthe Mars-Sun distance in astronomical units. The variation of R with
time of year is included in the calculations.

The planetary albedo of Mars is taken as 0.3 (de Vaucouleurs, 1964)
and is assumed to be invariant with latitude and season. The convective
lapse-rate is assumed to be the dry adiabatic lapse-rate. For the as-
sumed atmospheric composition, the required thermodynamic constants are
(7-1)/7 = 0.269 and c¢_ = 0.858 x 107 erg gm 1(°K)”*. The iterations
continued until the net rates of temperature change were less than the
prescribed convergence criterion of € = 0.05 deg day‘l.
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1.7 Results and Discussion

Before computing the average surface temperatures and atmospheric
temperature profiles on Mars as a function of latitude and season, two
preliminary sets of computations were performed. The first set was
intended to compare results for an assumed model atmosphere (60% CO,;

Po = 10 mb) with those for a 100 percent CO,, po = 5 mb model atmosphere.
The pure COp atmosphere is also compatible with present observations and
has been used in other calculations of Martian temperatures (see, for
example, Leovy, 1966). The second set of computations was designed to
determine the minimum number of layers in the computational model re-
quired to yield a reasonably accurate picture of the vertical temperature
structure. Both sets of computations were performed for a time of maxi-
mum insolation - southern hemisphere summer solstice, latitude 80°S.

The results of the first set of computations are shown in Figure 2,
where the computed temperatures are plotted as a function of p/pgy, the
ratio of atmospheric pressure to surface pressure. The thermodynamic
constants for the 5_mb, 100 percent CO, atmosphere are (y-1)/y = 0.257
and ¢_ = 0.736 x 107 erg gm-1 (°x)~L. “The average surface temperature
for tge 10 mb case is slightly higher - 255°K versus 2549K - than for the
5 mb case. This is due to the slightly greater greenhouse effect (83 m
STP of CO, at 10 mb pressure versus 69 m STP of CO, at 5 mb pressure) in
the 10 mb atmospheric model. 1In addition, the greater adiabatic constant,
(y-1)/7, for the 10 mb case also tends to increase the surface temperature,
since the convective flux required to maintain an adiabatic temperature
profile from the surface to the tropopause is less. The most significant
feature of the computed temperature profiles, however, is the small tem-
perature differences for the two different model atmospheres. The maxi-
mum temperature difference is 79K and occurs at the upper levels. This
result indicates that the temperatures computed with our assumed model
atmosphere would also be representative of a 5 mb, 100 percent CO2 model.

The results of the second set of computations are shown in Figure 3.
In this set, a 10-layer computational model was compared to a 4-layer
computational model. As can be seen, there is no appreciable difference
in the computed temperature profiles. Therefore, the 4-layer model was
used in computing the latitudinal distribution of temperature profiles
for each of the four Martian seasons.

The computed temperature distributions are shown in Figures 4, 5, 6
and 7 in the form of latitudinal cross-sections - one for each season -
extending from north pole to south pole. The vertical coordinate is the
pressure plotted on a logarithmic scale; p = 1 mb corresponds to about
20 km altitude, p = 0.1 mb to about 40 km. Temperatures were computed
at even 20-degree latitude intervals.
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Before describing the features of the computed temperature distribu-
tions, we should discuss the representativeness of these computed tempera-
tures. The major heat transport processes not included in the model are
latitudinal transport of heat by the atmospheric circulation and conduc-
tive exchange between the planetary surface and the subsurface. The at-
mospheric circulation would transport heat from the regions of maximum
insolation (equinoctial equator or summer pole) to the regions of mini-
mum insolation (equinoctial poles and winter pole). The effect of such
transport would be a decrease of temperature at equatorial latitudes
during the equinoxes and at polar latitudes during summer, and an in-
crease of temperature at polar latitudes during the equinoxes and in
winter. The effect of conductive exchange between the surface and sub-
surface would be similar. Downward heat conduction into the subsurface
would lower the temperature at points with maximum insolation. Upward
heat conduction to the surface would raise the temperature at points of
minimum insolation. Of these two processes, the effect of latitudinal
transport of heat energy by the circulation is probably much more im-
portant. Smagorinsky et al (1965) obtained excellent agreement between
computed and observed temperatures for the Earth's atmosphere with a
model that includes the effect of the circulation but neglects conductive
heat exchange.

Another heat transfer mechanism - release of latent heat due to
changes of phase of COp - would become important at high latitudes if
the Martian polar caps are composed of solid €0, (Leighton and Murray,
1966; Leovy, 1966). This mechanism would tend to increase the surface
temperature during the period that the cap is forming and decrease the
surface temperature during the period that the cap is melting. The ef-
fect of the possible condensation of 002 is not allowed for in the present
model.

From the above discussion we may conclude that the computed tempera-
tures are probably somewhat too high at equatorial latitudes during the
equinoxes and at polar latitudes during the summer. They are too low
at polar latitudes during the equinoxes and during winter. The computed
temperatures should be most representative at middle latitudes during
the equinoxes and at equatorial latitudes during the solstices.

The major features of the computed temperature cross-sections are:

1. The extremely small latitudinal temperature gradients in the
summer hemisphere, with the maximum temperature occurring at
the pole.

2. The decrease of tropopause altitude - dashed line - with lati-
tude from a maximum at the equator during the equinoctial

seasons and at the summer pole during the solstices.

3. The relatively isothermal vertical structure at high latitudes
during the equinoxes and in winter.
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The average planetary surface temperatures for the four seasons are
listed in Table 2. The temperature differences between the two equinoxes
and between the two solstices are due to differences in the planet's
distance from the sun.

It is of interest to compare the computed temperatures with observa-
tional indications of Martian temperatures and with other theoretical
estimates. Indications of surface temperature are available from micro-
wave and infrared observations. Unfortunately, both the infrared and
microwave observations are of the sunlit side of the planet and there-
fore are representative of daytime temperatures rather than the average
daily temperatures that are computed in our model. However, the micro-
wave observations refer to temperatures at levels a few centimeters be-
low the surface. At such levels, the effect of diurnal temperature vari-
ations would be minimal, and the observed temperatures may be close to
the daily average temperatures. Unfortunately, the microwave observa-
tions do not resolve the disk. Thus, to make a comparison we must average
our computed surface temperatures to obtain a planetary average surface
temperature. This temperature can then be compared with the microwave
observations. Our computed planetary average surface temperature is 208 K.
The microwave observations yield an average temperature of about 215%K to
2209, when corrected for a surface emissivity of 0.89 and normalized to
a mean Mars-sun distance (Dent et al, 1965; Hughes, 1966; Kellerman, 1966).
The uncertainty in this temperature, due to observational errors, is about
+ 5%. The agreement between the computed and observed planetary average
temperature can be considered excellent.

Theoretical calculations of the latitudinal and seasonal distribu-
tions of the diurnal variation of Martian surface temperature have been
performed by Leovy (1966) and Leighton and Murray (1966). Figures 8 and
9 show comparisons of our computed surface temperatures with the daily
average surface temperatures of Leovy. Leovy models the atmospheric radia-
tive exchange in a fashion similar to but simpler than ours. His treat-
ment of convection is somewhat different from ours and he also includes the
effect of conductive heat transfer between surface and subsurface. His
computations are for a 5 mb surface pressure, 100 percent C02 atmosphere
with an albedo that varies with latitude and whose average value is about
0.23, Because of a generally lower albedo, his surface temperature should
be a few degrees lower than ours. However, the results are in excellent
agreement except at polar regions during the equinoxes and winter. When
Leovy's surface temperature falls below the condensation temperature of
COy (~ 1459K), he permits atmospheric CO, to condense. The release of
latent heat of condensation maintains the polar temperatures during these
seasons at 145°K. This effect is not included in our computations.

A comparison of our computed latitudinal distribution of annual
surface temperature with that of Leighton and Murray (1966) is shown in
Figure 10. Leighton and Murray parameterize the exchange of heat energy
between the surface and atmosphere, but do include the effects of conductive
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Table 2

Average planetary surface temperatures.

Season Average Planetary Surface
Temperature
(°K)
Northern Hemisphere Spring Equinox 210
Northern Hemisphere Summer Solstice 194
Northern Hemisphere Fall Equinox 217
Northern Hemisphere Winter Solstice 212
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heat exchange between surface and subsurface and the effect of the re-
lease of latent heat due to condensation of COy. Their assumed albedo

is 0.15. The comparison indicates that their temperatures are some 8 to
109K lower than ours at low and middle latitudes. Since their assumed
albedo is lower than ours, their computed temperatures should not be lower
but higher than ours at these latitudes. The reason for the discrepancy
may be their simplified modelling of heat exchange between surface and
atmosphere. Their polar temperatures are higher than ours because they
include the effect of condensation of atmospheric CO,. Generally speaking,
the results of all three theoretical models - ours, Leovy's, and Leighton
and Murray's - are in excellent agreement on the latitudinal variations of
surface temperature.

There is no observational information available on the latitudinal
and seasonal variations of the Martian vertical temperature distribution
with which to compare our results. There are also no theoretical estimates
except those from Leovy's (1966) two layer atmosphere model. 1In Figures
11 and 12 we compare our latitudinal distributions of computed temperature
at the atmospheric level, p/po = 0.31, where p is pressure and p, is surface
pressure, with those of Leovy for the same atmosphere level. 1In general,
our computed temperatures are generally 20°K to 359K lower than Leovy's.
The reason for this difference is not immediately obvious. It may be that
Leovy has overestimated the convective heat flux, which would lead to
higher atmospheric temperatures and lower surface temperatures in his
model. This would also explain why his surface temperatures agree quite
well with ours despite his lower albedos.

A rough comparison can be made between our computed temperatures and
the temperatures inferred from the Mariner IV occultation experiment.

Figure 13 shows a temperature profile computed for the latitude and
time of year at which the Mariner IV occultation experiment during immer-
sion was performed. Immersion occurred at 50°S latitude in late winter
at a local time of 1 P.M. when the solar zenith angle was 67°. Our compu-
tations were performed for 50°S latitude and solar declination angle of
+415° (corresponding to the day of the occultation measurement). The tem-
perature near the surface derived from the immersion occultation experi-
ment was 175°K + 259K (Kliore et al, 1965). This is presumably an average
temperature of the lower Martian atmosphere. In addition, it was found
that there was no obvious change of scale height with altitude in the
first 30 km. Our calculations indicate a surface temperature of 173°%K
and a decrease of temperature with altitude to less than 120°K at p = 0.1
mb (~ 40 km). Our average temperature (pressure weighted) for the first
40 km would be about 150°K. Two factors would cause the computed tem-
peratures to be less than the actual temperatures. The present compu-
tation represents the average diurnal temperature for the day and loca-
tion of encounter. One would expect the average diurnal temperature to
be less than the 1 P.M. temperature, which should be close to the maxi-
mum daily temperature. In addition, latitudinal heat transport is neglected
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in the model. At this latitude during winter, one would expect lati-
tudinal heat transport to increase the computed temperatures somewhat.

An addition of 20°K to our computed values would be a reasonable correc-
tion for these effects and would place the computed temperature in
excellent agreement with temperature derived from the immersion experi-
ment. However, our computed temperatures do suggest that the scale
height would vary by about 30 percent from the surface to about 40 km,
which is not in agreement with the immersion observations.

Figure 14 shows a computed temperature profile for the latitude and
solar declination on the day of emmersion, which occurred at 60°N at
night during late summer. According to Kliore et al (1966) the temper-
ature at emmersion was 220°K and according to Fjeldbo et al (1966) the
apparent lapse rate was greater at emmersion than on immersion. Our
calculations indicate a surface temperature of 222°K and a decrease of
temperature with altitude to less than 135°K at 1.0 mb. Our average
temperature for the first 40 km would be about 180°K. Since at the local
time, season, and latitude of emmersion, both diurnal effects and lati-
tudinal heat transport processes would tend to decrease our computed
temperatures, it must be concluded that the computed temperatures for
emmersion are not in good agreement with the observed temperature on
emmersion. Our results for emmersion do indicate a greater lapse rate
in the first 30 km, in agreement with the observations.

Whether the thermal equilibrium temperature profile is a good esti-
mate of the actual daily average temperature profile for a particular
time of year may be questioned on the grounds that a certain amount of
time is necessary for an initial temperature profile to become a thermal
"equilibrium temperature profile. It will be recalled that, in computing
the thermal equilibrium temperature, an initial temperature profile
begins the iterative process of the computational model and, after a
certain number of iterations, the final temperature profile is approached.
Thus, the equilibrium temperature profile is the steady state solution
to the convective and radiative equations governing the temperatures in
the Martian atmosphere, which is approached asymptotically through the
iterative cycles of the computational model. In the computational model
all the atmospheric parameters (i.e. surface pressure, CO2 mass mixing
ratio, solar insolation, etc.) remain constant during the time required
to reach equilibrium. In the actual case, the one atmospheric parameter
that definitely changes with time is the average solar insolation. 1In
our computations, it was implicitly assumed, however, that this change
was negligibly small during the time necessary for a given initial temp-
erature profile to approach asymptotically the steady state, thermal
equilibrium temperature profile. The validity of this assumption was
studied in the following manner.

Starting with a thermal equilibrium profile for a particular latitude

and time of year, we computed temperature profiles at successive 10-day
time steps for an annual cycle using the basic computational model to
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determine the change in temperature during a single time step of 10
days. From one time step to the next the average solar insolation
changes such that during the t-th time step, the average solar insola-
tion is given by

§o (1) =% [ §,(1) + 8 _(r-1) ]

where So (1) and Sy(1-1) are the average solar insolations at the end
and beginning of the 10-day period of the t-th time step. The temper-
atures computed in this manner can then be checked against the thermal
equilibrium temperatures.

Computations were performed for Martian latitudes 0° and 80°N. The
initial temperature profiles were the thermal equilibrium temperature
profiles for the Northern Hemisphere spring equinox and for a date 45
days before the Northern Hemisphere spring equinox, respectively.
Figures 15 and 16 are graphs of the daily average surface temperature
as a function of time for 0° and 80°N respectively. Included in
Figures 15 and 16 are the respective thermal equilibrium surface temp-
eratures for the first day of the four Martian seasons. (Only 3 seasons
appear in Figure 16, as the Northern Hemisphere winter solstice occurs
during the polar night.)

As can be seen, the thermal equilibrium surface temperatures are
in excellent agreement with the '"time dependent' surface temperatures
except at 80°N during the spring and autumnal equinoxes, when a maximum
temperature difference of about 25°K occurs. Therefore, the computed
equilibrium temperature profiles should give reasonable estimates of
the seasonal variations of Martian temperatures.

1.8 Concluding Remarks

Martian pole-to-pole temperature cross-sections from the surface
to about 40 km altitude for each season have been computed with a
thermal equilibrium model. The computed average temperatures should be
closest to the actual average temperatures at middle latitudes during the
equinoxes and at low latitudes during the solstices. Because the model
does not allow for latitudinal transport of heat energy by the atmos-
pheric circulation and the possible condensation of carbon dioxide, the
computed temperatures are too low at polar latitudes during the equi-
noxes and winter and probably too high at equatorial latitudes during
the equinoxes and at polar latitudes during summer. The major features
of the computed temperature cross-sections are:

(1) The extremely small latitudinal temperature gradients in the
summer hemisphere, with the maximum temperature occurring at the pole.
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Solid line: time dependent case starting with initial thermal
equilibrium condition at Northern Hemisphere spring equinox.
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(2) The decrease of tropopause altitude with latitude from a
maximum at the equator during the equinoctial seasons and at the summer
pole during the solstices.

(3) The relatively isothermal vertical structure at high latitudes
during the equinoxes and winter.

Comparisons of the present results with other theoretical studies
and with the microwave and Mariner IV observations of Martian tempera-
tures yield generally good agreement. Further theoretical studies of
temperatures of the surface and lower atmosphere of Mars should include
the effects of latitudinal heat transport, release of latent heat of
condensation, conductive heat exchange between surface and sub-surface,
atmospheric water vapor radiative transfer, and analyses of the diurnal
temperature wave.
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2. THE GENERAL CIRCULATION OF THE MARTIAN ATMOSPHERE
Wen Tang

2.1 SEASONAL VARIATIONS OF THE MEAN ZONAL WIND VELOCITY AND TEMPERATURE OF THE
MARTIAN ATMOSPHERE

2.1.1 Introduction. More than one and half decades ago, the general cir-
culation of the Martian atmosphere was essentially inferred from telescopic
observations of the movement of yellow clouds and radiometric observations of the
surface temperature (Hess and Panofsky, 1951). In 1961, Mintz applied dynamic
stability theory to the Martian atmosphere to determine the type of general cir-
culation on the planet — symmetric or wave type.

Recently, Tang (1966) used the new data on atmospheric composition and sur-
face pressure (Kliore, 1966) and a general circulation model for steady state
and symmetrical regime to study the mean zonal and meridional winds in the
northern hemisphere and the stability of the symmetrical regime in the Martian
atmosphere during the equinoctial seasons. The purpose of the present work is
to study the seasonal mean zonal winds and temperatures at the middle of the
Martian atmosphere with the use of a simple dynamic model.

2.1.2 General Theory. Based upon the principle of conservation of energy,
Adem (1962) developed a simple model of the general circulation for the Earth's
atmosphere. His model yields mean monthly meridional profiles of zonal wind and
temperature that agree well with observed mean profiles. We can apply this model
to Mars.

We shall outline the concept involved in this model. For the details of
the theory and the basic mathematical developments we refer the reader to Adem
(1962). 1If the constituents of the atmosphere and the temperature are known,
the energy emitted from an atmospheric layer can be calculated. From the balance
of radiational energy, one can evaluate the excess of radiational energy at an
atmospheric level and at the surface, if the atmospheric and surface temperatures,
insolation, and albedo are known. Conversely, the atmospheric and surface tem-
peratures can be computed if the excesses of both atmospheric and surface
radiation energy are known. Two equations with four unknows arise from writing
down the radiation budget equations for the surface and atmosphere. Two more
equations are needed to determine these quantities uniquely. One of these two
is the energy equation, which essentially indicates that the rate of change of
thermal energy due to meridional turbulent transport is equal to the rate of
change of thermal energy due to radiation plus the rate of change of conduction
of sensible heat and the molecular transformation. The fourth equation may be
considered as an empirical equation which is used to evaluate some unknown with
observational data. With these four equations the meridional profiles of the
temperature for different seasons can be determined. By using the geostrophic
wind equation, the meridional profile of mean zonal wind can be obtained from
the computed meridional temperature profile.
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The final governing equation for the latitudinal variation of atmospheric
temperature is (Adem, 1962)

2 c

0
[
1
0
2]

d T4l o= - g ooy 83 (55)
d zm 6 m ¢ K d c.K K
? 7 7 7
where
Eé = the deviation of mean atmospheric temperature at latitude ¢ from the
mean atmospheric temperature at a given latitude for a given season.
® = Latitude
Id = The insolation during one day
J = The rate of change of the conduction of sensible heat and the mole-
cular transformation function.
E3 = The excess mean radiational energy at the surface of Mars.
Cg = (l-Ac?/c7K
K = Eddy viscosity
2,
c, = - c3(A1)(1 + 5A/2)/ro
r, = Radius of Mars
*
Al - cV/2 (po z=0 po)
A = 2H /&T +BH )
P, = Pressure
c, = Specific heat at constant volume
g = Gravitational acceleration of Mars
HO = Height of the top of the absorbing gases
TO = The temperature at height Ho
B = The mean lapse rate
and
c,» ©1» C3> and ¢, = coefficients of the following equation
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“A) T/ = E
(1-4) Tm c, t 1 Id + Cq EA + < ES (56)

The quantity E, is the excess of the mean radiational energy of the Martian
atmosphere. Tﬁe boundary conditions are that the temperature gradients both at
the equator and poles are zero, that is,

= 0 at @ = 0 and (57)

INTE

The solution to the differential Equation (55) and boundary conditions in
Equation (57) is

C

T/ () = _L_E {ﬁ W) sin O - 9) 4V

€6 ¢7 o

T ( + si
cos ¢ ¢ + sin c6®)

1 T
+ > b/\Id(W)COSh c (y- E) dv sinh c6ﬁ/2

o]

_ co -J }. '
—_— (58)
€6 1 i

The quantity J is an unknown quantity. It can be evaluated by applying
Equation (58) to a latitude for which we have a good estimate of the atmospheric
temperature from observational or other theoretical results.

The wind field is determined from simple geostrophic wind relations. If
the latitudinal temperature deviation is known, then the mean zonal and meridional
wind velocity can be simply written as

fa = - & —ai‘:‘ (59)
r, op
and
v =0

respectively, where £ =(oriolis parameter for Mars and R = gas constant for
Martian atmosphere.
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four Martian seasons.
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g = Gravitational acceleration = 380 cm sec-2

¢ = Angular velocity = 6.57 x 10-5 sec-1

K = Eddy exehange coefficient = 1010 cm2 sec-l

r, = Radius of Mars = 3400 km

¢, = Specific heat of constant volume = 0.158 cal gm_1 deg-1

The input temperatures, Ty and Tg, at 35°N and 35°S respectively, for the four
seasons are as follows:

Northern Hemisphere Northern Hemisphere Northern Hemisphere Northern Hemisphere

Winter Spring Summer Fall
EN(°1<) 160 180 190 188
?rs (°r) 205 180 145 184

The computed mean atmospheric temperature profiles for the four Martian
seasons are shown in Figure 17. The extreme temperatures are found to occur in
the Southern Hemisphere. The highest mean atmospheric temperature is about 205°K
and occurs at 80°S during the Southern Hemisphere summer solstice. The lowest
mean atmospheric temperature is about 108°K and occurs at the South Pole during
the Sourthern Hemisphere winter solstice. It is interesting to note that the
difference between the maximum and minimum mean atmospheric temperature, at the
North Pole is smaller than the corresponding difference at the South Pole. This
is a result of the planet's being closer to the sun during the Southern Hemisphere
summer solstice. It is also interesting to note that the highest mean atmospheric
temperature in the Northern Hemisphere occurs at the equator during the autumnal
equinox. For both equinoctial seasons the mean atmospheric temperature profiles
are symmetric about the equator. The temperature profiles of Figure 17 were com-
pared to the mid-atmospheric temperatures of the thermal equilibrium model dis-
cussed in the previous section (see Figures 4 through 7). In the region bounded
by the latitudes 50°N and 50°S the corresponding temperatures differ by at most
10°K. 1In the regions about the North and South Poles, the present temperatures
are higher than the thermal equilibrium temperatures for all seasons except the
summer solstice. This is due mainly to the meridional transport of heat from
the warmer equatorial regions to the polar regions, which is included in the
present model.

The temperatures computed from the Mariner IV occultation measurements by
Kliore (1966) are about 220°K at 60°N latitude and about 1759°K at 50°S latitude.
These measurements were made during the late Northern Hemisphere summer (declina-
tion of sun = +15 degrees). The Mariner IV temperatures are much higher (about
40°K) than the corresponding mid-atmospheric temperatures as interpolated for

45




this time of year from Figure 17. If the temperatures of Figure 17 are rea-
sonable estimates of the actual mid-atmospheric temperatures of Mars, one can
conclude that the Mariner IV temperatures are representative of the atmospheric
temperatures in the vicinity of the Martian surface.

The mean zonal wind profiles, based upon the geostrophic assumption, for
the four Martian seasons are shown in Figure 18. The maximum mean zonal winds
occur at latitudes 35°N and 35°S during the Northern Hemisphere winter solstice,
and are about 50 and 40 msec~1, respectively. During the Northern fall and
spring equinoxes, the maximum mean zonal winds occur at about 65°N and 65°S
latitudes and are about 30 msecl. During all seasons except summer the winds
are westerly. 1In the summer seasons of both hemispheres, maximum easterlies of
10 msec~l occur at 10°N and 10°S; secondary maximums of 5 msec™l occur at 70°N
and 70°S. At middle latitudes the easterlies are relatively weak and about
2 msec~l. The double peak phenomenon in the latitudinal profile was also formed
in previous work (Tang, 1966), although the model used was different.

During winter the maximum westerlies occur further south and are stronger
then in spring or fall. This is similar to the jet stream migration in the -
Earth's atmosphere. The wind profiles suggest that a wave regime may be present
during the winter and during late spring and early fall. The mean wind at mid-
dle latitudes for the equinoctial seasons is about 30 msec™l, which is slightly
higher (5 msec™1l) than we obtained previously for a symmetrical regime (Tang,
1966). One expects a higher mean wind at middle latitudes in the wave regime
than in the symmeterical regime (Charney, 1959). The computed wind velocity
is larger than that of Earth as also found previously in Tang (1966).

In summary, this fairly simple model yields quantitative results on the
latitudinal and seasonal variations of mid-atmospheric temperature and zonal
wind for Mars. The reliability of the results is open to question because of
some of the assumptions inherent in the model and some of the uncertainties in
the input data for Mars. The first of these obstacles to reliability can be
overcome with the use of an improved general circulation model — such as the
numerical model discussed in the next section. The second obstacle to reliability
can be overcome as new observational data and analytical studies become available.
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2.2 A NUMERICAL MODEL OF THE MARTIAN ATMOSPHERIC GENERAL CIRCULATION

2.2.1 1Introduction. As an extension to our previous study of the general
circulation of the Martian atmosphere (Tang, 1966) and the recent work presented
in the last section, a nonsteady, asymmetrical model is being developed. This
model, a combination of the last two models, is a modification of Chen's circula-
tion model which was originally developed for the Earth's atmosphere (Chen, 1965).
It includes time variations, eddy transports, and some of the effects of the phys-
‘ical characteristics of the Martian surface (e.g., surface albedo, thermal con-
ductivity, etc.) on the atmospheric circulation. Our main goal is to determine
the seasonal variations of the basic zonally averaged motion of the Martian at-
mosphere and of the underlying surface temperature., The calculations of the
surface temperature will be based upon the principle of conservation of energy
among radiation, eddy conduction of the atmosphere and thermal conduction of
the planetary surface. We shall also examine the influence of large-scale sur-
face thermal conditions on the development of wave disturbances in the hemi-
spheric flow patterns in the nonsteady case.

2.2.2 Basic Model. The fundamental equations are the quasi-geostrophic
vorticity equation, the equation of state, the equation of continuity, and the
first law of thermodynamics. By a zonally averaging process, we obtain two sets
of the above equations. One set consists of the zonally-averaged equations for
the mean flow; the other set consists of the finite amplitude perturbation equa-
tions for the disturbed flow. Both sets of equations are nonsteady and non-
linear. In the thermodynamic equation we consider not only the radiational pro-
cesses but also the turbulent heat exchange processes in the atmosphere and heat
conduction of the underlying planetary surface. The set of zonal averaged equa-
tions for the mean flow and the set of finite amplitude perturbation equations
are;:

531 _ 3 &) uy _
St - foV1 T 5y (uvy) ta 552 - k; (uy-ug)
— 2—
du o u . N
3 = _ 0 __3 3= 1= - =
5S¢ fov3 = Yy (uévé) + a ayz -k <2 u; - 3 ul) + ki(u1 u3) (60)
2= {2 Gy + 2 O - £ @)
° p, - St Wim¥3 dy “'2)'1 Y3 focp r °t :
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the relative vorticity,
dfy
dy?
the mean Coriolis parameter,
2
_HE
2 3
% Py
dynamic coefficient of eddy viscosity in the vertical direction,

the coefficient of klnematlc eddy viscosity in the lateral
direction,

-3

P, ’

pressure at middle of atmosphere,

Laplacian operator,

a proportional constant for the frictional stress near surface,
acceleration of gravity,

geopotential,

time,



2
f e

A2 = = 2 - a measure of static stability
RT, \6,-6
2 1 73
@ = potential temperature,

¥ = ¢/fo = geostrophic stream function,

R = gas constant for Martian atmosphere,

cp = specific heat at constant pressure for Martian atmosphere,
Qr’ Qt = rate of heating per unit mass due to radiation and turbulence,
respectively,
( ) = zonal averaged quantity

¢ )’

perturbed quantity,

and the subscripts 0, 1, 2, 3, and 4 represent the pressure levels at p = 0,
3 . .
s 7 Py and P> and P is the atmospheric pressure at surface of Mars.

The various heat exchange processes are modeled as follows. The radiative
heating or cooling of the atmosphere per unit mass consists of three major parts:
the absorption of solar radiation; the absorption of surface emitted long wave
radiation; and the upward and downward emission of long wave radiation. The
solar radiation is a function of time and latitude. Long wave radiation is a
function of the surface temperature and the mean temperature of an entire at-
mospheric column, both of which vary with time, latitude, and longitude. The
turbulent heat exchange process includes both horizontal and vertical exchanges.
A simple austauch hypothesis is used in this model. The eddy transport of heat
from the planetary surface is a function of atmospheric and surface temperature.
Since both the radiative and turbulent heat exchange processes between surface
and atmosphere depend upon the surface temperature, it is important to include
the effects of a nonuniform Martian surface on the surface temperature. For
example, the polar caps, bright areas, and dark areas are evidently composed of
different materials with different thermal properties. Therefore, in the equa-
tion of thermal conduction of the Martian surface, which is used to obtain the
surface temperature, the thermal conductivity and diffusivity (Carslaw and
Jaeger, 1959) are expressed as functions of Martian longitude and latitude,
using Sinton and Strong's (1960) values for dark and bright areas and Geiger's
(1965) values for ice. We have written expressions for thermal conductivity
and diffusivity as two different truncated Fourier series in horizontal co-
ordinates for the planet Mars, according to the dark and bright area distribu-
tion, as
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where L = the length of the latitude circle at 45°N or S,
2W = the length of one-half of the meridian (y = W at pole and y = W at

equator).

The coefficients of the set of Fourier series for representing these ther-
mal parameters are ready to be determined by solving two 36 x 36 matrices,
Similarly, the Fourier series for Martian surface albedo are also ready to be
determined. Solutions of these matrices will be obtained with the use of an
IBM 7094,

The total heating rate per unit mass of atmosphere at different positions
on Mars has been written in an analytical form. Values of the insolation and
latitudinal derivative of the insolation as a function of time of year, at six
hour intervals, smoothing out diurnal variations, are being obtained,
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Since the surface temperature is important for the nonadiabatic heating of
the atmosphere, we must solve the heat conduction equation and mean zonal motion
equation simultaneously. As a first step in the solution of the problem, we are
going to obtain the mean zonal surface temperature and mean zonal motion as a
function of time for a period of a Martian year without considering eddy momen-
tum transport.

To keep the model consistent, the solutions of all perturbation (finite
amplitude) quantities are expressed in the form of double Fourier series. For
example, the perturbed motion may be written as

6
21 2 | T
/ = / i / ; @ T
Wl(x,y,t) }: [(wl ol COS MY X + (1[;1)m2 sin m xJ cos 5oy +
m=1
s [
\ 25t 2% Tt
/ us : / i =Y in X
+ ZJ i_(x]rl)m3 cos m 7= x + (wl n4 Sinm T x| osin oy + (64)
m=1

+
[T

r 25 21 3n
/ £ / ; £ 20
L(wl 05 cos m TR + (Wl m6 sin m I ¥ cos W Y,

g
1l
—

where subscripts 1 represents level 1, L is the length of the latitude circle at
45°N, and (w{) 1» etc. are the Fourier coefficients which are the functions of
the time t. Tﬁe coefficients of these Fourier series are to be obtained by an
electronic computer. '

2.2.3 The Working Equations.

2.2,3.1 The Working Equations For the Mean Surface Temperature. The basic
finite difference equation for the time differential of the Martian surface
temperature can be simply written as

T* At _ T* t

2
b* .a___ T*t'l‘&t =
At

322

(65)

where b*

the temperature-conduction coefficient of the Martian surface
At = the time interval used in the computation
T = the surface temperature

z = the vertical distance from surface
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and the superscripts represent the time as indicated. The quantity Tt is the
initial input for each time step and is obtained from the prior step.

The boundary condition at the surface of Mars is the energy balance equa-
tion, which simply states that the total energy is a balance among the short
and long wave radiations arriving at the surface, the long wave radiation
emitted by the Martian surface, and the heat fluxes conducted to the atmosphere
through an eddy transport process and to the soil through molecular conduction.
The boundary conditions can be written as

[x* -gzﬁ + -}:‘—2 * + cT*qtﬂt = [H—}; T, + S, + oty - F(Tz)]t-ert
at z = 0,
and (66)
TREAE o g
at z = -
where A = the eddy heat transfer coefficient of the Martian atmosphere

\* = the molecular heat conduction coefficient of the Martian surface
o = the Stefan-Boltzmann constant
H2 = the thickness between level 2 and level 4 (level 4 corresponds to

the surface level and level 2 is the constant pressure level at
which the pressure is one-half of the surface pressure)

H
]

the temperature at level 2 = éa’(wl - ¢3)

0
(¢1,¢3) = stream functions at level 1 and 3 respectively (level 1 is the con-
stant pressure level at which the pressure is one-fourth of the
surface pressure and level 3 is the constant pressure level at
which the pressure is three-fourths of the surface pressure)

T" = the temperature at level 4

S, = the solar radiation reaching the surface of Mars.
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where ﬂl =0, zz = 13u, 53 = 17u, and £4 =0 ¢y = 3.7413 x 10-5 erg cm2 sec-1
and c, = 1,4388 cm deg.

2

For practical purposes, the flux of long wave radiation from the atmosphere,
E, may be assumed as

where € is the emissivity of the Martian atmosphere and is approximately equal

to 0.16 on the average (House, 1966)., If the following relation is valid (Adem,
1962)

E = oT% - F(T) (68)

then the corresponding F may be written

= (1-¢) o = 0.84 oT” (69)

In the actual computation, we shall use this approximation rather than (67).

The final solution for surface temperature, T*, satisfying the difference
equation and the boundary conditions as specified above, is

eI L
z=0 k#
00 / =*‘\
g, t 4t
Nb¥ At 2 /
00
}\*
00 E* t
N b’;oAt
+ (70)
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where

Tt+&t
= _ [/ _i_l 3 - —
L [H +4cT)R &, - V) +5, (71)
2 T2
(k* ,b* ) = the mean values of the heat conduction and temperature-conduction
oo’ 0o P

coefficients of the surface respectively,
and the bars over T, L, ¥, and S represent the mean zonal values.

Since L is a function of ¥] and V3, we must solve for T* simultaneously
with the mean zonal motion by a finite time interval step-by-step process for
about 1-1/2 Martian years. Based upon previous experience, a time interval of
6 hours would be appropriate for the grid size adopted in this model; an inte-
gration will need about 4000 time steps.

2,2.3.2 The Working Equations For Mean Zonal Wind Velocities. The basic
zonal wind velocities for different meridional grid points at levels 1 and 3
can be obtained by solving the following six simultaneous equations. These
equations will be used as working equations in the numerical computations. They
are listed below,

05 43 R - -
5t %1 SE Use1 = Ry Uppy TRy Uy FOFR Uz F Ry Uy
a / / 72
- S; (u v/ + u3 3 41 (72)
S5 427 SR G 4R T _+R T +R.u .+R.u,  +R.u
o5t Y140 T 3t Ys+0 T 2 Y1m1 1 %407 N2 Y1 T R Y3y 3 %340 2 V3.1
- 2 (! v/ + ul v?) (73)
oy 1 3’40 °?

3

1-1 2 73+0 3 "3-1

9 7 w7 7 v?
" Y (u1 vi+ uj v3)_1 , (74)

54



D - > - > - > — -
RSt Y141 T 56 Y40 T R e St Us4o T Ry Ugyq F Ry U TRy ug,
2 .3
m " H_B__ 7 o7 7
tRy Ut Ryus -7 NE (u” v{-u3vdy,
, 32
- w? ) WG, - Ry {2 [0 - B )
J
y
_ OF(T%) x* O (or*
Jy _ Moo dy \ oz ’ (75)
z=0 +1
9= Q= 9 = Q= 9 = 9 =
St Y141 " Bo 3t Y140 T SE Y1-1 7 St Ys41 T Ro St Ys40 T It Y341
=Ry Uy t R U TRy Uy PRy ug ) TRy Ut Ry Uy,
2 .3 2 2
‘_IJ.... a__ / !/ - / / - K_ 2 é__ / /! - /
-G > (uf v{i - ugvido- 7 20 352 ViG] - v 1,
d OF (T*) * T*\
5 - > — d - 5 - _ . - - -
St Y140 T Ro St Y1-1 T Dt Y40 T Ro St Us-1 T R Uiy TRy Uy TR, U
2 .3
I W_ @._ 7 7 7 w7
- R TRy Uz ot Ry -7 > (uf v{ - ufvy) 4
2 2
w_ 2 8_ 7 (17 7 _8_ ™ ¢
= 4 2A ayz [Vz(wl - WB) ]_1 = R].O ay [(1 - P) SO]
_ JF(TH) Lk por 77)
dy =0 00 By dz ,/z= 1 ’

55




where R, = 2\1+-1-A2W2) s
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a = radius of Mars,
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91,92,63

one half of the distance between pole and equator,

specific heat of Martian atmosphere at constant pressure,

Coriolis parameter,

atmospheric pressure at level 2,

gravitational acceleration,

gas constant

a proportional constant for frictional stress in vertical direction,

internal friction,

2
fo % 62
RT2 91-93

potential temperature at levels 1, 2, and 3, respectively.

2.2.3.3 The Working Equation For the Finite Amplitude Perturbed Motion,

Substituting the perturbation of heating per unit mass into Equation (62),
eliminating(uﬁ, using the Fourier series and keeping all the nonlinear terms
yeilds the following working equations of atmospheric disturbance.

d 2 d
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j=1 when n=1, j=2 when n=3, and j=3 when n=5. N_ are the terms derived from
the quadratic terms of the vorticity advection and the temperature advection at
level 1 and Ny, are the terms derived from the quadratic terms of the vorticity

advection and the temperature advection at level 3.

It is planned to integrate these equations numerically using the Runge-Kutta
method. As a first approximation, we assume that the non-linear terms in Equa-
tions (72) to (77) can be neglected. Then these six equations for the mean zonal
winds will be solved simulataneously with the solution for the mean surface
temperature.

During the next year, the equations for the mean zonal velocities and the
mean zonal temperatures will be programmed. Once the mean zonal velocities and
temperatures are obtained, they can be used as input to the perturbation equa-
tions, solutions of which will provide information on the longitudinal variations
of the circulation and temperature field. The perturbation equations for this
problem will be also completed during the next year.
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APPENDIX

ACCURACY OF LORENTZ LINE SHAPE

At high altitudes (low pressures) the shape of absorption lines
changes from a Lorentz shape, which is assumed in our calculations of
Martian temperatures, through a mixed shape tothe Doppler shape. The
height in the Martian atmosphere at which the transition to a Doppler
shape takes place can be estimated following Rodgers and Walshaw (1966).
A mixed line consists of a Doppler core and Lorentz wings. If the line
is fully absorbed as far out as the Lorentz wings, the Doppler core
makes no contribution to the transmission gradient. The point at which
the Lorentz wings begin is given by

k =k (A-1)

where kvL is the Lorentz absorption coefficient and ka is the Doppler
absorption coefficient. Substituting the complete expressions for these
absorption coefficients, we obtain

k%

k ' v2
[ —_— - ———— A-Z)
2 2 Nf exp < 2 > (
v +GL aD T CZD

Y

where k is the line intensity, v is measured from the line center, and O,
and Op are the Lorentz and Doppler half-widths. With x = v/Op and y =
aL/aD, (A-2) becomes

2
y = J& (x2 + y2) X, (A-3)

If the criterion of blackness is taken to be about 2 percent trans-
mission, then a Lorentz line is ''black" out to that frequency at which
the transmission is 0.02, or

hle
T = exp(-k m) = exp - [ 2 2 } = 0.02 . (A-4)
v (v" + aL )

This corresponds to a value of x given by
1/2
km
X=y ['Zaa— -1 } . (A-5)
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The amount of absorber, m, between a pressure level p and the top of the
atmosphere, amd the average Lorentz half-width, Oy, for such a path are
given by

m =-%§ and Q. = (A-6)

where @y, 1is the Lorentz half-width at STP. Substituting these values into
s
(A-5), we obtain

[ kwpS Jl/z
X =y E’{a? -1 . (A-7)
s

Letting n = kwps/ZnaL g, and combining (A-7) with (A-3), we obtain
s

yn Vo exp [— yz(n—l)] =1 . (A-8)

This relationship determines the height above which Doppler broadening
must be considered. According to Rodgers and Walshaw (1966), the value
of n for the 15u COy band in the Earth's atmosphere is 1200. For a
Martian COyp mass mixing ratio of 0.5 and gravitational acceleration of
373 cm sec~2, the value of N in the Martian atmosphere is 2.9 x 103 as
large, or 3.5 x 109, From (A-8), we then obtain a value of y equal to
1.62 x 10°3 for Mars' atmosphere. Since

o -3
y=ot=162x10°,

(=)

and Op = 7 x 10'4 (Rodgers and Walshaw, 1966), then Q7 = 1.13 x 10-6.
The pressure level in the Martian atmosphere corresponding to this value

of aL is given by

and is equal to 1.6x10—2mb. Thus,belpw(in height)pressure levels.of 1.6x10_2

mb, the neglect of Doppler broadening is justified. For a Martian atmos-
phere scale height of 9 km and surface pressure of 10 mb, this corresponds
to a height of 58 km.

68



